Introduction
Ankylosing spondylitis (AS) is characterized by inflammation of the spine and sacroiliac joints causing pain and stiffness and, in some patients, ultimately new bone formation and progressive joint ankylosis [1] . AS may also affect the hips and peripheral joints, as well as extraarticular sites such as the uveal tract, tendon insertions, proximal aorta and, rarely, the lungs and kidneys [2] .
Multicenter or multisite prospective cohort studies for uncommon diseases such as AS provide an opportunity to increase enrollment [3] [4] [5] [6] , improve the generalizability of the findings to the target population [7] [8] [9] [10] , and promote a closer collaboration among a large group https://doi.org/10.1016/j.conctc.2018.07.004 Received 22 February 2018; Received in revised form 10 July 2018; Accepted 24 July 2018 of investigators with diverse expertise [8, 11, 12] . The Prospective Study Of Ankylosing Spondylitis (PSOAS) cohort supported by the National Institute of Arthritis and Musculoskeletal and Skin disease (NIAMS), has been running since 2002, and includes five sites (4 US sites and 1 Australian site) with the overall aim of characterizing the role of genetic and non-genetic factors to susceptibility and outcome in AS. The Data Management and Statistical Core (DMSC) joined PSOAS cohort team in 2012 to assist in study design, provide an accurate, and a secure approach for data management, and appropriate statistical analysis of data.
Despite the aforementioned benefits of multicenter or multisite studies, there are challenges in harmonization, management, quality assurance, and statistical analysis of data from these studies [13] [14] [15] . The main objective of this article is to describe innovations in harmonizing, data quality assurance, and other key components involved in the coordination and management of data for a prospective multicenter cohort study of patients with AS.
Methods

Participating clinical sites, administrative and data management and Statistical Cores
The PSOAS cohort involves four clinical centers in the US and one in Australia, an Administrative Core, and a DMSC. The clinical sites in the US include the University of Texas McGovern Medical School at Houston (UTH), Cedars-Sinai Medical Center in Los Angeles, California (CSMC), The National Institutes of Health (NIH) Clinical Center in Bethesda, and University of California San Francisco (UCSF) Medical Center. The clinical site in Australia is housed at the Princess Alexandra Hospital (PAH) in Brisbane. The DMSC is housed in the Biostatistics/ Epidemiology/Research Design (BERD) component of Center for Clinical and Translational Sciences (CCTS) at UTH. The DMSC assists in study design issues and in developing, maintaining, and a web-based information system for standardized data collection and management across the consortium including the training of personnel, data entry, quality assurance procedures, and data security. The DMSC is also responsible for study design and statistical analysis of data. The Administrative Core is housed in UTH, and works very closely with the clinical sites and the DMSC and coordinates various administrative responsibilities including communications with the sites and the DMSC. The complexity and varied needs of different study sites in the PSOAS cohort necessitated the need for a coordinating center for these sites. The Administrative Core addresses these needs and serve all of the projects in PSOAS cohort. This core administers and integrates the overall research program and coordinates various tasks among all projects. These tasks include handling the administrative oversight of contractual, budgetary, annual reporting and institutional review board (IRB) issues regarding the PSOAS cohort collaborating sites. It will also entail coordinating the collection of clinical data from the collaborating sites. Furthermore, it ensures regular communication among PIs of the projects and the cores, the co-investigators, other study personnel, and the internal and external scientific advisory board. The Administrative Core processes and stores biological samples and extracts DNA from different sites for shipment to the laboratories where the genotyping, biomarker, and cytokine analysis will be performed. Organization structure of the PSOAS cohort management is displayed in Fig. 1. 
Inclusion and exclusion criteria for PSOAS
Eligibility criteria for being considered for the PSOAS cohort is based on meeting the Modified New York criteria (mNY criteria) are described in (Table 1 ). The only exclusion criteria are not meeting mNY criteria [1, 16] .
Modified New York criteria (mNY criteria)
The diagnosis of sacroiliitis in radiographs for the sacroiliac joint is the most important factor for diagnosis, classification, and monitoring of patients with Spondyloarthropathies (SpA) particularly for AS [1] . Among items listed in the mNY criteria (Table 1) , two radiographic measurements: 1) unilateral sacroiliitis grade 3-4, and 2) bilateral sacroiliitis grade 2-4 are considered critical for the diagnosis of AS. The dynamic nature of AS status as it may be influenced by differences in the reading of the pelvic radiographs from each set of films, which can be affected by differences in angulation of the X-ray cone or the patient's posture, bowel gas, etc., adds to the complexity of managing data related to AS.
Harmonization
Harmonization is a systematic approach, which allows integration of data collected in multiple studies. Multicenter studies necessitate adherence to a standardized protocol with adequate quality assurance (QA) procedures that ensure integrity and quality of the data [17, 18] . Although several reports provided important information regarding the type of variables that should be included in AS registries [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , and data collected for single or multisite clinical trials or studies on AS [29] , very few have discussed systematic approach to ensure data quality for their studies [21] . Furthermore, limited information exists regarding the challenges in harmonization and management of data from prospective multicenter studies in AS. As mentioned earlier, data from different studies are harmonized to develop the PSOAS cohort. The PSOAS cohort initially (2002) (2003) (2004) (2005) (2006) comprised two different studies. 1) A cross-sectional study that focused on enrolling AS patients that had a long disease duration (> 20 years from onset of inflammatory back pain (IBP)). Patients in the cross-sectional PSOAS study were initially enrolled beginning in 2002 for one visit where radiographs, limited clinical information and DNA were obtained until the protocol was amended to include a second follow up visit about 2-3 years after their initial enrollment. On their second visit radiographic, medications, and metrology data were captured. 2) In the longitudinal PSOAS study, the focus was on enrolling AS patients with disease symptom duration of < 20 years. Local IRBs approved the protocols and consent forms for cross-sectional and longitudinal PSOAS studies.
Four centers (UTH, CSMC, Stanford, and UCSF) were initially involved with the cross-sectional PSOAS but the NIH site was added when the investigator at Stanford moved to the NIH clinical center in 2003. Enrollment of AS patients commenced in February 2003 and follow up visits were conducted every 4 months for a maximum of eight visits over 2-3 years in different sites until 2006. In 2007, the longitudinal PSOAS study was expanded to include an Australian center (the Princess Alexandra Hospital in Brisbane) and certain psychological instrument forms were added that were administered between 2007 and 2012. In addition, the interval between two consecutive follow up visits was changed from 4 months to 6 months. In 2012, the DMSC was added to the previous data management system and some study forms were updated, removed or changed. Details regarding the timeline, number of sites, and type of data pulled from different studies for the PSOAS cohort are displayed in Fig. 2. 
Data management
Data management involves development of processes to ensure systematic and efficient handling of research information as well as data quality assurance [3, 30] . These include making improvements to the study forms, herein called Case Report Forms (CRFs), in consultation with the investigators, and developing procedures for data entry, quality assurance, and data security with the development of a webbased data collection in Research Electronic Data Capture (REDCap) [31] that ensures uniformity in methodology for collection of data by study sites [32, 33] . REDCap maintains an audit trail that logs all activities by users which allows DMSC to monitor all the modifications made to data by any user. DMSC team developed a comprehensive database with all necessary fields for the various types of data to be longitudinally collected for the PSOAS cohort.
Standardization of data collection forms
As the first step in standardizing data collection forms members of the DMSC discussed the need for reviewing and improving the data collection forms. Based on prior changes in the forms during the PSOAS study (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) , DMSC developed revised CRFs for the PSOAS cohort in 2012. For example, in some forms an option for identifying missing data was added to some variables in the revised CRFs to distinguish the difference between a response that was considered as real missing from a situation in that data were missing due being not applicable. The DMSC team circulated the revised CRFs, which were reviewed by the PSOAS cohort investigators and their feedback was incorporated in the final revised CRFs. The final copy of the revised CRFs was sent to the sites for IRB approval in each site. After IRB approval, each site started to capture data in the revised forms. In the following, we describe the type of data collected for the PSOAS cohort.
The revised CRFs comprised several forms including: i) background information questionnaire (BIQ), ii) proband (question related to symptoms and diagnosis for the AS patient and family members), iii) medical conditions or comorbidity (MDC), iv) radiographic, v) arthritis activity questionnaire (AAQ), vi) metrology, vii) laboratory, viii) medications, and ix) psychosocial questionnaire (PSY). However, in 2012 the site investigators decided to stop administering the psychosocial questionnaire to participants in PSOAS cohort. Details regarding the timelines for administering the aforementioned questionnaires for collection of data in the PSOAS cohort are provided in Table 2 and Fig. 2 .
Development of databases
DMSC team developed several databases in REDCap [31] , and is responsible for data entry, data quality assurance, security, and maintaining REDCap databases for the PSOAS cohort. The REDCap database was based on the approved CRFs by all the site investigators. Members of DMSC tested the database using real data before the PSOAS cohort data were entered in the REDCap. The medications form in REDCap was tested by Dr. Reveille. DMSC trained three Graduate Research Assistants before allowing them to enter data into the REDCap databases.
Data quality assurance
Data quality assurance involves a series of procedures that ensure the reliability and quality of data collected. These procedures include establishing intra-and inter-rater reliability of data collected. In addition, initial inspection of data in the PSOAS cohort prior to 2012, the period that the DMSC was not involved in the PSOAS study, revealed the need for establishing a systematic approach for data quality assurance procedures of all data in the PSOAS cohort.
Data cleaning
Data cleaning deals with identification and correction of erroneous data in databases. For example, missing, out of range values, and impossible data values can easily be identified using descriptive statistics, including frequencies, means, medians and box plots with interquartile ranges. However, even the most careful on-site review cannot identify unusual data patterns that are readily detected even by simple statistical methods. In some instances more sophisticated statistical methods will be required. For the PSOAS study, after uploading and entering data in the REDCap, DMSC developed and implemented program for data querying, reporting, and cleaning based on univariable and multivariable rules that detect potential data inconsistencies, missing, out of range values, and impossible data with SAS 9.4 [47] . For example, we developed a multivariable rule to detect unusual pattern in the sacroiliac joint scores (left and right) that were used for evaluating the mNY criteria. Specifically, any unusual fluctuations of sacroiliac joint scores either left or right between 3 consecutive radiographs visits 
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triggered the need for review by the clinical investigators and its resolution. Since we did not expect this type of unusual fluctuations in radiographic data, this was considered as a new situation that arose during the study and our SAS program was updated to address this particular data quality issue.
Central statistical monitoring and communication with the study sites to resolve potential discrepancies in data
Central statistical monitoring is an alternative way for data monitoring in multisite studies that help to improve quality of data, while keeping costs under control compared with on-site source data verification [48] [49] [50] . However, central statistical monitoring has some limitations. For example; Central, central statistical monitoring may lack specificity and detect inconsequential data issues [50] . For the PSOAS cohort, DMSC team works very closely with the members of the Administrative Core to coordinate communications with the study sites and seek resolutions for potential data discrepancies that are identified during the process of ensuring data quality. Members of the DMSC have held weekly conference calls and regular e-mail communications with the project staff and investigators. DMSC also participated in the annual Investigators' meeting and provided information regarding data management and analysis issues in the PSOAS cohort.
Quality assurance (QA)
QA steps include the development of processes that ensure reliability of data. DMSC conducted comprehensive quality control (QC) for all data in the REDCap. It is important to emphasize that every piece of information collected in the CRF during the conduct of the clinical studies, and every variable coded in the clinical database is potentially indicative of data quality, not just those that may be associated with a set of indicators predefined to reflect site performance in terms of data quality. Therefore, this approach requires a large number of statistical tests to be performed.
For assessing the quality of data in REDCap database, DMSC developed and implemented rigorous procedure to identify potentially erroneous data and resolved potential discrepancies. These include identification of missing values, incorrect data type, out of range values, and outliers. In addition, DMSC developed data cleaning programs based on univariable and multivariable rules that detect potential data inconsistencies, missing, out of range values, and impossible data. DMSC conducted data quality checks by selecting random subsamples of different sizes ranging from 5 to 10% of the forms per visit and per site periodically. DMSC used double data entry procedure for these data, and identified discrepancies between the two entries, which were reviewed and adjudicated by the data manager at DMSC and project coordinators at study sites. Then DMSC randomly selected other subsamples that involved 5-10% of forms for various type of data and compared data between the source documents and data in REDCap database and calculated the error rate for various types of data in REDCap. The findings are reported in the Results section.
Reproducibility of radiographic data
The radiographic form contains one of the most important outcomes in this cohort study. First, these data are used to identify whether patients are qualified to be included in the cohort of AS patients based on disease progression and severity defined by mNY criteria. The radiographic data form includes grading of the lateral lumbar and lateral cervical spines on the score of 0-3 (no abnormality, erosion or sclerosis or squaring, syndesmophyte, and total bony bridging) and grading the sacroiliac (SI) and hip joints on the scale of 0-4 (for normal, suspicious, mild, moderate, and severe). Lateral lumbar and lateral cervical spine scores are captured in the modified Stoke Ankylosing Spondylitis Spine Score (mSASSS) form, whereas hip and SI joint involvement as well as BASRI lumbar and cervical scores are captured in the BASRI form. The mSASSS is an important score to determine severity and longitudinal progression of spinal disease and the BASRI score is a reliable method Fig. 2 . Timeline, sites, and type of data pulled from different PSOAS studies for the PSOAS cohort.
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for grading radiographic changes in patients with AS, especially in the hips and SI joints, not evaluated by the mSASSS [35] . Since one of the primary outcomes in Project 2 is based on progression of radiographic damage and diagnosis of radiographic sacroiliitis is essential for study inclusion [34] , the PSOAS cohort investigators designed a sub-study to establish the agreement of X-rays interpretations for this important variable. The X-rays of patients from the US sites were evaluated by Dr. Thomas J. Learch at CSMC site and, because of the lack of feasibility of transferring DICOM images due to cost, the radiographs from the Australian site were evaluated by Dr. Matthew Brown at PAH site. DMSC assessed the inter-and intra-rater reliability (IRR) based on data from a sub-study that was conducted to assess inter-rater reliability for two readers (Drs. Brown and Learch) and intra-rater reliability of two consecutive readings for the same patients by each reader separately. For a sample of 48 patients with AS, independent evaluation of radiographs was made by two readers at baseline and follow-up (3 or 5 years). A mixed effect negative binomial (NB) regression model [51] was used to estimate the degree of agreements for mSASSS total. The findings from this sub-study are reported in the Results section.
Utilization of data and requests for data analysis by DMSC
Guidelines for utilization of data and requests for analysis of multisite data managed by the DMSC are described in the Data Sharing and Publication Committee Guidelines. All participating site PIs as well as the PI of the DMSC serves as voting members of the Data Sharing and Publication Committee. The publication committee guidelines require that for utilizing the multisite PSOAS cohort data a two-page request for analysis of data to be circulated among the members of the Publication Committee. After receiving approval from a majority of members of the Publication Committee, the DMSC performs data analysis.
Statistical analysis
The statistical analyses are based on research objectives or hypotheses. However, most of these requests are expected to be based on longitudinal analysis of the cohort data. For example, for assessing the factors associated with longitudinal outcome (e.g., Opioid usage [52] ), the DMSC statistician applied univariable [52] and multivariable longitudinal analyses using generalized estimating equation (GEE) • Grading the lateral lumbar and lateral cervical spines using mSASSS [34] • Grading the sacroiliac (SI) and hip joints by Bath
Ankylosing Spondylitis Radiology Index (BASRI) [35] V) Arthritis Activity
Questionnaire (AAQ) Added AAQ measurement by two different methods:
• Numeric Rating Scale (NRS) [36] • Visual Analogue Scale (VAS) [37] Every 6 months
• Bath Ankylosing Spondylitis Functional Index (BASFI) [38] • Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) [39] • Center for Epidemiologic Studies Depression Scale (CES-D) [40] • Pain, and exercise • Vanderbilt Pain Management Inventory (VPMI) [41] • Arthritis Self Efficacy Scales (ASES) [42] • Arthritis Helplessness Index (AHI) [43] • Brief Resilient Coping Scale (BRCS) [44] • Patient Health Questionnaire 9 (PHQ-9) [45] • International Physical Activity Questionnaire (IPAQ) [46] M.H. Rahbar et al.
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methods or mixed effect regression models to account for the serial correlations in measurements within a patient [53] . In addition, there were challenges with handling missing data. For example, when the role of medications (e.g., Tumor Necrosis Factors inhibitors (TNFi) and Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)) in longitudinal radiographic progression is assessed, missing medication data may lead to biased results. In this study, during 6-month follow-up visits, patients were asked to provide information about the last 6 months medications usage while their X-rays were collected every 2 years. Since radiographic progression is determined based on those two consecutive sets of X-rays, complete data for every medication that was taken between two X-ray visits is considered important but it was not available for some patients in this study. The aforementioned statistical challenges provided great opportunities to develop and test innovative methods for analyses of complex data in this project. For example, we found that about 69% of patients had missing NSAID index data for at least one time point during their follow up visits (as of March 2017). Various imputation methods have been proposed and used to handle specific types of missing data, but many of those are likelihood-based methods that rely on estimation of means assuming normality of the data distribution. We found that NSAID index data in PSOAS cohort, which are defined by dose and frequency, contain many zero values, and are not normally distributed. The DMSC statisticians thus proposed a statistical method to deal with missing values in non-normal medication usage data (e.g., NSAID index) based on longitudinal Bayesian quantile regression (BQR) under latent class framework that properly incorporates unobserved heterogeneity in longitudinal medication usage data into the imputation processes. An application of the proposed imputation method to PSOAS data is illustrated by examining the longitudinal association between NSAID usage and radiographic damage for AS patients [54] .
Another opportunity to develop innovative statistical methods in PSOAS arose when laboratory data (e.g., C-reactive protein data) were pulled together from different PSOAS studies (PSOAS-cross sectional and PSOAS longitudinal), for assessing their association with certain longitudinal outcomes over the follow-up time points. For example, we found that C-reactive protein (CRP), one of the primary biomarkers of disease activity, not only was censored due to limits of detection (LoD) but also missing for some patients during early study visits (i.e., PSOAScross sectional study) because blood sample collection was not required in the PSOAS-cross sectional study. This issue motivated development of a new approach to handle missing data while controlling for censoring due to LoD simultaneously. The DMSC statisticians proposed to develop a multiple imputation (MI) approach that is based on censored quantile regression (CQR) that accounts for censored data while applying the inverse probability weighting technique to properly deal with missing data in early visits. Details regarding this innovative approach are described elsewhere [55] .
Results
Since 2002, 1690 participants have been screened for inclusion in the PSOAS cohort. Of these, 1272 (75.3%) met mNY criteria for study inclusion after review of the pelvic radiographs by the study radiologist. As expected, about 74% of qualified AS patients were male and 81.2% were white (Caucasian). Details regarding demographic and other characteristics of all participants in the PSOAS cohort are displayed in Table 3 .
With assistance from the site investigators DMSC conducted a comprehensive QC for all data in REDCap. For example, DMSC checked 80,340 medication data values for QC and found that error rate in these data was 0.07%. Details regarding the error rate for other variables in REDCap are reported in Table 4 .
The findings from the reproducibility of radiographic data sub-study based on 48 patients with AS indicated a strong level of agreement between the two readers with respect to mSASSS. Specifically, based on liner mixed effects model, the inter-rater reliability for mSASSS total was IRR = 0.90 (95% confidence interval (CI) = [0.82, 0.94]), indicating a strong level of agreement between the readings from Drs. Brown and Learch. In addition, inter-rater reliability for the change in mSASSS total (between two time points for each patient) showed a high level of agreement of two readers (IRR = 0.83, 95% CI = [0.72, 0.90]). For each reader (Dr. Learch and Dr. Brown) the intra-rater reliability (or intra-class correlation (ICC)) and 95% CIs for mSASSS total based on the repeated data within the same patients at baseline were 0.83 [0.72, 0.90] and 0.93 [0.88, 0.96], respectively. These data indicate an excellent level of intra-reader reliability (or consistency) for each of the two readers.
Discussion
Harmonization
The first step towards data integration and harmonization is usage of a data standard [57] . National Institute of Health (NIH) recommends the use of common data elements (CDEs) [58] , from which CRFs can be developed. Investigators can standardize data collection, follow-up comparison of results, and can combine sets of CDEs consisting of individual or more complex questionnaires, across multiple studies [59] . In our PSOAS cohort, where we had multiple sites from two countries (4 US sites and 1 Australian site) and a follow up of more than a decade, some of the items in some forms were changed over time as described in Table 2 . The study team reviewed all the forms and developed a CRF that allowed addition, elimination, or partial changes to the questions. The revised CRF was reviewed by all site investigators and DMSC before it was finalized and sent to the sites for implementation. The revised CRF was used as the basis for developing a REDCap database. Whenever necessary, special features were added in REDCap to facilitate data entry from the old and the new forms. For example, due to differences in the interval between the two consecutive visits in the PSOAS cohort (before 2007 every 4 months) and after 2007 (every 6 months), we harmonized the timing of data collected in different studies. Although for statistical analysis we mainly focused on a common set of variables, the aforementioned arrangement allowed additional flexibility for utilizing various subsets of our data set from different periods of follow up in our cohort.
Data quality assurance
QA steps include the development of processes that ensure reliability of data, which include establishment, and implementation of procedures that ensure the quality of data [30] . Minimizing errors is an important objective of QA processes [60, 61] . In the following, we discuss quality assurance of PSOAS cohort data with a particular focus on data quality and reliability of reading radiographs.
In this study, we used available features in REDCap for assuring data quality and validation of data. These include identification of missing values, incorrect data type, out of range values, and potential outliers. In addition, we developed programs for data querying, reporting and cleaning, based on univariable and multivariable rules that detect potential data inconsistencies, missing, out of range values, and impossible data. We conducted data quality checks by selecting random subsamples of different sizes ranging from 5 to 10% of the forms per visit and per site, and used double data entry procedures for these data to identify discrepancies between the two entries, which were reviewed and adjudicated by the data manager at DMSC and project coordinators at study sites. We calculated the error rate by comparing the source documents and data in REDCap database based on randomly selected subsamples that involved 5-10% of forms for various types of data. We found an overall error rate of 0.07% for medication data. In the PSOAS cohort, the PI of the study accepted the responsibility for data entry and quality assurance of medication data, which required someone with a medical background to interpret what was written down on the patient generated forms. Although some studies suggested an acceptable error rate of 0.1%-0.5% for clinical trials [62, 63] , for observational studies a higher estimate for the error rate has been reported, ranging from 1% to 5% for general databases [64] .
Reliability of radiographic readings
In our sub study, data for forty-eight patients indicated a strong level (89.9%) of agreement between the two readers. Similarly, a study in Italy showed that inter-observer reliability for mSASSS scores were more reliable for intra-and inter-observer, with ICC of 0.87 and 0.94, respectively [65] . A study in Turkey, reported a high agreement for mSASSS intra and inter-rater reliability with ICC between 0.86 and 0.99 [66] . However, Cortes et al. (2015) assessed the inter-reader reliability for radiographs on Australo-Anglo-American Spondyloarthritis Consortium (TASC) data by 22 radiographs selected that included a crosssectional set (from 10 patients) and a longitudinal set (two time points) of radiographs (from 6 patients), which were evaluated by four readers that included Drs. Brown and Learch. They modified mSASSS using two different ways of scoring. In "version A" of scoring, they modified classical mSASSS score of 3 to 2, scores of 2 to 1 and scores of 1 to 0. In "version B", they modified classical mSASSS of 3 and 2 to 1 and scores of 1 to 0, and compared with mSASSS prior to making modifications and showed that the inter-reader agreement improved from 69.7 to 81.4% [67] .
Standardizing medication data
The medications form provided two different major issues. First, because the forms were patient-generated there were occasional missing data, particularly information about the doses. DMSC created a comprehensive database for medication used by participants in this cohort study by classifying medications used (e.g., TNF, NSAIDS, etc.), dosage, and route for each medication. Since interpretation of these data required clinical expertise (such as knowledge of correct medication spelling, pill size and FDA approved dosing intervals), Dr. Reveille (PI of the project) accepted the responsibility of data entry and adjudication of these data based on a set of rules which were reviewed and approved by all PIs and co-investigators in the PSOAS cohort. Dr. Reveille entered all medication data in the study based on these approved rules. A list of rules used for adjudication of medication data in REDCap as well as the data quality assurance procedures for these data are provided as "Supplementary Information". As an example of these rules, if the patient did not provide information about the number of months a drug has been taken in the past 6 months, Dr. Reveille imputed this information based on the following rule: a) entered 6 months, how and if the drug was used previously as indicated in the prior visit; b) entered 3 months, if the drug is newly reported by the patient.
The second important challenge with some medication data was that the names and doses of some medications from the Australian site were different from names of similar medications used in the US sites. For standardizing medication data across the sites, DMSC reclassified medication names in categories recommended by the investigators. For example, all medications used as nonsteroidal anti-inflammatory drugs (NSAIDs) were classified under NSAID category. In addition, for AS patients the amount of NSAIDs taken (NSAID Index) is considered important in relation to certain outcomes [68] . For AS patients who had complete medication history, DMSC used the formula published by Dougados et al. (2011) [68] for calculation of NSAID index, which is based on: 1) the type of NSAID, 2) the dose, and 3) the percentage of days with intake over a certain period of time [68] . For AS patients who did not provide complete data for their medication use, Dr. Reveille adjudicated missing information on the patient generated forms for calculation of the NSAID index based on a set of rules that were reviewed and approved by the investigators.
Standardizing metrology data
In each visit, patients underwent a physical exam to check for joint tenderness, joint swelling, tenderness at specific enthuses, and joint flexibility. This examination was performed by the study investigators (at three sites) or trained metrologists (at two sites). Two standardization exercises were conducted with all the investigators examining the same patients after reviewing the appropriate method to carry them out in 2003 and 2005 . Differences between measurements were reviewed and discussed to minimize inter-observer variability.
Conclusions
In this study, we described the PSOAS cohort with a particular focus on the responsibilities of DMSC including data management and statistical analysis. Specifically, we have described harmonization of data from different phases of PSOAS cohort. In addition, we provided information regarding our systematic approach for ensuring data quality. Our quality assurance procedures comprised improving the CRFs, developing a database using REDCap, establishing reliability of assessment of X-rays as well as development and implementation of univariable and multivariable data monitoring rules to ensure data quality. We demonstrated an excellent reliability and excellent data quality in PSOAS cohort. The error rate for data in various forms of PSOAS ranged from 0.07% -1.10%, and was in the acceptable range of 1-5% for observational studies. Central statistical monitoring can both optimize onsite monitoring and improve data quality, and as such provides a costeffective way of meeting regulatory requirements for multicenter clinical studies. We also introduced methodologic developments that were motivated by statistical challenges raised in PSOAS study. This paper not only could serve as a reference for future publications from PSOAS cohort, but also could serve as a basic guide to ensuring data quality for other multicenter clinical studies.
